Abstract. Laboratory experiments were conducted to examine the effects of photoperiod and temperature on the pupation behaviour of the parasitoid, Microplitis mediator (Haliday) (Hymenoptera: Braconidae), parasitizing larvae of Mythimna separata Walker (Lepidoptera: Noctuidae). A combination of long photoperiod (14 + h L) and warm temperatures (20-24°C) caused parasitized caterpillars to climb to upper plant parts where the parasitoid produced a green, non-diapausing cocoon on a green leaf, initially retaining the dying caterpillar host as a protective covering. In contrast, short photoperiod (8-10 h L) and low temperature (16-18°C) induced host caterpillars to descend the plant where the parasitoid produced a brown, diapausing cocoon either hanging by silk from a senescing leaf or simply lying on the soil, but without any continued association with the host. These findings illustrate the potential for seasonal environmental cues to simultaneously mediate diapause induction, cocoon polymorphism, and alternate forms of host behaviour modification in a hymenopterous parasitoid.
INTRODUCTION
Remarkable changes in behaviour have been observed in insects as a result of parasitism (Stamp 1981; Poulin, 1995; Eberhard, 2000; Ponton et al., 2006; Grosman et al., 2008) . Many parasitoids, in particular, can induce dramatic alterations in the physiology and behaviour of their hosts before killing them (Brodeur & McNeil, 1989; Godfray, 1994) . Host behavioral manipulation is hypothesized to enhance parasitoid survival, either by inducing dispersal to a more favorable microhabitat or otherwise reducing exposure to predation or adverse physical conditions (Eberhard, 2000; Beckage, 2002) . Presumably, the evolution of many successful parasitoid-host relationships have hinged on adaptative modification of host behaviour by the parasitoid. Typically, this involves reprogramming host neuro-endocrine systems to alter host hormone titres (Beckage & Gelman, 2004) and interfering with host immune responses (Beckage, 2002; Cole et al., 2002) thus disrupting normal host development, morphology and behaviour (e.g., Lawrence, 1986; Adamo & Shoemaker, 2000; Adamo, 2005) .
Diapause is a life history adaptation that affords many insect species a mechanism for surviving adverse environmental conditions, typically extremes of temperature that are seasonally predictable and associated with a lack of food (Tauber & Tauber, 1976; Danks, 1987) . By passing unsuitable periods in a state of dormancy, insect populations are able to remain year-round in environments that would otherwise be uninhabitable. Although many insects diapause as adults, diapause via arrestment of development in an immature stage is often associated with the production of specific structures such as cocoons and hibernacula that can serve to protect and insulate dormant insects. Photoperiod and temperature are among the most reliable environmental cues for induction of insect diapause (Denlinger, 2002; Li et al., 2008) . Specific developmental stages are typically light-sensitive (Brodeur & McNeil, 1989) and immature parasitoids are able to measure daylength from within their hosts (Mehrnejad & Copeland, 2005; Rasekh et al., 2010) .
The parasitic wasp Microplitis mediator (Haliday) (Hymenoptera: Braconidae) is a solitary larval endoparasitoid that is widely distributed in the Palaearctic region (Mason et al., 2001) . In China, it is a significant source of mortality for several important agricultural pests including Mythimna separata (Walker, 1865) and the cotton bollworm, Helicoverpa armigera (Hübner, 1805) (Lepidoptera: Noctuidae) and has been successfully mass-reared in the laboratory. Natural rates of H. armigera parasitism in cotton fields average around 8.9% (range = 4.4-12.9%, Fang et al., 2000) and have been raised to 38.5-65.6% by augmentation biological control programs . Parasitized M. separata larvae die as mature M. mediator larvae emerge; the latter produce either a brown cocoon when reared under diapause-inducing conditions, or a green one under nondiapause conditions. Parasitoid pupation takes place above ground in green cocoons that adhere quite tightly to plant leaves, whereas brown cocoons are attached with only a few silken strands and are easily dislodged to the soil surface. In contrast, unparasitized M. separata larvae pupate in earthen cells they excavate in the soil at a depth of about 2.0 cm. Although adults and late instar larvae sometimes overwinter, most overwintering occurs in the pupal stage at depths of 3.5-5.0 cm. Based on preliminary observations, we hypothesized that M. mediator larvae are able to use thermal and photoperiodic cues perceived within the body of their hosts to modify host behaviour along one of two divergent paths so as to optimize both cocoon morphology and pupation site for either diapause or uninterrupted development. In the present study, we manipulated these extrinsic environmental factors to clarify the role of temperature and photoperiod on diapause induction and observed pupal site selection by M. mediator-parasitized M. separata larvae on corn plants and in cage settings.
MATERIAL AND METHODS

Insect colonies
Mythimna separata larvae were obtained from a stock culture maintained by the Hebei Plant Protection Institute, China, and reared at 26 ± 1°C (mean ± SE) under 14L : 10D photoperiod and 65% RH on an artificial diet composed of wheat germ and macerated seedling corn leaves (Bi, 1981) . A colony of M. mediator was established from adult parasitoids that emerged from H. armigera larvae collected in a cotton field in Baoding, Heibei, China, during the summer in 2007. The colony was then reared in the laboratory on M. separata continuously for eight generations under the same physical conditions as the host, except that adult wasps were held at 19 ± 1°C. Hosts were parasitized by placing approximately 50 two to four day-old mated females of M. mediator in a cage (30.0 × 40.0 × 25.0 cm) containing 1,000 late first and early second instars of M. separata on corn leaves with 10% honey solution provided on absorbent cotton and refreshed daily. After a 24 h exposure period, host larvae were transferred to individual mesh bags (25.0 × 25.0 × 5.0 cm) containing diet (corn leaves) until parasitoid cocoons formed. Newly emerged adult parasitoids were placed in a ventilated acrylic cage (30.0 × 30.0 × 40.0 cm) with diet (10% honey solution) and mated females were used for experiments when they were two days old.
Plants
Corn was planted in flowerpots (20.0 cm diam. × 18.0 cm) in a greenhouse at 26 ± 2°C, 14L : 10D and irrigated every three days. A week prior to use in the experiments, when the corn plants were about 70 cm high, flowerpots were moved outside under natural conditions.
Diapause induction
Second instars of M. separata larvae (n = 30 per parasitoid) were exposed to a mated, two day-old M. mediator female in a glass cylinder (8.0 cm diameter × 10.0 cm height) covered with thick black fabric and containing fresh corn leaves for the host and a 10% honey solution on a cotton ball for the parasitoid. After 24 h of exposure, the parasitoid was removed and the M. separata larvae transferred to a mesh bag (25.0 × 25.0 × 5.0 cm) containing corn leaves and incubated in a growth chamber (LRH-250-G, Ningbo Jiangnan Equipment Factory, Zhejiang, China). In order to determine the set of conditions producing the maximum percentage of diapausing pupae, larvae were incubated at one of three constant temperatures (16.0°C, 18.0°C or 20.0°C) under a series of photoperiods ranging from continuous dark to continuous light in two hour increments; (1) L0: D24, (2) L2: D22, (3) L4: D20, (4) L6: D18, (5) L8: D16, (6) L10: D14, (7) L12: D12, (8) L14: D10, (9) L16: D8, (10) L18: D6, (11) L20: D4, (12) L22: D2 and (13) L24: D0. Each treatment combination of temperature and photoperiod was replicated five times with approximately 100 M. separata larvae in each bag for a total of 39 individual treatments.
Pupation site selection on corn plants
Three day-old mated M. mediator females were each provided second instar M. separata larvae (n ~ 30 per wasp) for 24 h (as above). Wasps were then removed and the larvae were transferred to mesh bags with diet. Based on the results of the previous experiment, parasitized larvae were divided into two groups; 250 larvae were reared under non-diapausing conditions (26 ± 1°C, 14L : 10D photoperiod) and another 250 were reared under conditions optimal for diapause induction (16 ± 1°C, 10L : 14D photoperiod). Larvae reared under non-diapausing conditions were held for 9 days on diet before transfer to potted corn plants for pupation under the same physical conditions (n = 50 larvae per plant, with five replications). Larvae reared under diapausing conditions were held for 20 days on diet before transfer to potted corn plants under identical physical conditions (n = 50 larvae per plant, with five replications). Observations were recorded once all parasitoids pupated. The pupation site of parasitoids was categorized as either (1) a green corn leaf, (2) a senescent yellow or grey corn leaf, and (3) on the soil surface; parasitoid emergence was tallied.
Pupation site selection in cages
Larvae of M. separata parasitized by M. mediator were reared for 9 days under normal (non-diapausing) conditions (as above), and host larvae were transferred to acrylic glass cages (40.0 × 40.0 × 35.0 cm, n = 80 per cage, five replicates per treatment). The bottom of the cage (40.0 × 40.0 cm) was divided into five sections: a 9.0 cm diameter circle in the center of cage surrounded by four squares (17.0 × 17.0 cm) at the corners of the cage (Fig. 1) . Two diagonally opposite squares contained 10-15 fresh green corn leaves (replaced daily) whereas the other two contained 10-15 senescent yellowing or grey corn leaves. A total of 80 parasitized larvae were then placed within the central circle in each cage so that the larvae could freely select pupation sites. In a second series of treatments, parasitized M. separata larvae were reared for 20 days under diapause-inducing conditions (as described above) and then transferred to cages (as above, 80 larvae per cage, five replications) except that diapause-inducing conditions were sustained. Pupation site selection and emergence of parasitoids was subsequently recorded.
Statistical analysis
Data on the percentage of insects diapausing in the diapause induction experiment were analyzed using a two-way factorial ANOVA followed by Fisher's LSD test to separate means (SAS, 2004) and data from the oviposition site selection experiments on potted corn and in cages were analyzed by one-way ANOVA followed by Fisher's LSD test.
RESULTS
Diapause induction
The two-way ANOVA was significant overall (F = 175.11; df = 38,156; P < 0.001) and revealed main effects of both temperature regime (F = 138.13; df = 38,156; P < 0.001) and photoperiod (F = 424.13; df = 38,156; P < 0.001), with a significant interaction between these two independent variables (F = 53.68; df = 24,156; P < 0.001). Ignoring daylength, both 16 and 18°C yielded a higher proportion of diapausing parasitoid pupae than did 20°C (F = 4.06; df = 2,192; P = 0.019; LSD test,  = 0.05). The highest percentage of diapausing individuals (98.1%) was obtained with 14 h of darkness at a temperature of 16°C (Fig. 2A) ; these conditions were therefore used to produce diapausing larvae for pupation site selection experiments. Fourteen hours of darkness also produced the highest percentage of diapausing individuals at 18°C (Fig. 2B) , but 16 h was required to obtain the maximum at 20°C (Fig. 2C) .
Pupation site selection on corn plants
Brown, diapausing cocoons formed mainly on dry soil and senescent, yellow leaves, with significantly fewer forming on green leaves (F = 12.15; df = 2,18; P < 0.001) whereas green, non-diapausing cocoons formed significantly more often on green than on withered or yellow leaves and were observed only rarely on the soil (F = 4.18, df = 2,18; P < 0.05; Fig. 3 ). 
Pupation site selection in cages
Significantly more brown, diapausing cocoons formed on dry or senescing yellow maize leaves than on green leaves (F = 465.75; df = 1,8; P < 0.001), whereas green, non-diapausing cocoons formed significantly more often on fresh green leaves (F = 51.76; df = 1,8; P < 0.001; Fig.  4 ).
DISCUSSION
Many animals exhibit altered behaviour when infected by parasites (Moore, 1995 (Moore, , 2002 Cezilly & PerrotMinnot, 2005; Thomas et al., 2005) and arthropods provide various examples of host behaviour manipulation (Fritz, 1982; Godfray, 1994; Beckers & Wagner, 2011) . These include altered patterns of web spinning in spiders (Eberhard, 2001) Roitberg, 1987; Biron et al., 2005) , induced defensive behaviours (Ponton et al., 2006; Grosman et al., 2008) , use of the host body as a defensive shield (Brodeur & Vet, 1994) and orientation to safe pupation sites (Brodeur & McNeil, 1992; Eberhard, 2000; Henne & Johnson, 2007) . Work has also begun to elaborate the neuronal basis for certain aspects of host manipulation (Libersat et al., 2009) .
Larvae of M. mediator altered the behaviour of their host larvae and selected pupation sites that varied with the developmental fate of their pupae. Nondiapausing larvae oriented their hosts to growing leaves on upper plant parts; since higher ambient temperatures are likely to prevail higher up on the plant, this may serve to increase the rate of their development. However, growing leaves are more likely to bear actively feeding herbivores than are senescing leaves, and thus likely to be more intensively searched by foraging predators and hyperparasitoids. Notably, nondiapausing pupal cocoons assumed a green coloration, ostensibly to camoflage them on growing leaves of similar colour (Fig. 5C ). Although such cocoons initially remain partially covered with the dying bodies of their hosts (Fig. 5C, D) , it is not clear whether this phenomenon has any adaptive significance. The host caterpillar may live for a number of days; while alive, it remains on or near the parasitoid cocoon, but once dead, it is easly dislodged. However, other parasitoids regularly retain the dead body of their host as a cloak during pupation, apparently as a form of physical shelter or to reduce their risk of predation. For example, mature larvae of the coccinellid endoparasitoid Dinocampus coccinellae (Schrank, 1802), upon emergence from the host, spin a cocoon that retains the host exoskeleton enmeshed on its surface (Balduf, 1926) .
In contrast to directly developing individuals, developmental rate is not a priority for diapausing parasitoid pupae; these must survive the winter on plant residues or soil to emerge the following spring. Consequently, diapausing pupae are likely safer on the soil or on plant parts that are dying or dead, their cocoons assuming a brown coloration that is consistent with the color of these substrates (Fig. 5A, B) . It seems unlikely that hyperparasitism is a force driving this divergence in pupation behaviour, since hyperparasitoids would presumably exploit both diapausing and nondiapausing parasitoids. In addition, we have not yet observed any hyperparasitism in our collections of M. mediator from cotton fields. (Pivnick, 1993) found that M. mediator parasitizing Mamestra configurata (Walker) in Canada also changed host behaviour, but caused most parasitoid pupae to form on leaf litter, although a significantly higher proportion of nondiapausing larvae pupated on the plant; however, there was also no indication of divergent cocoon coloration. These disparities with our results may be due to a combination of regional differences in the parasitoid populations and their distinct interactions with different host species.
Certain species of the genus Asobara alter the behaviour of their drosphilid hosts to influence pupation height, which may affect exposure to humidity and propensity to diapause (Seyahooei et al., 2009) . The observed pattern of pupation site selection on plants by M. mediator might be partially explained by a positive gravitropic response in diapausing parasitoid larvae and a negative gravitropic response in nondiapausing ones. However, the results of the cage experiments largely negate this explanation as these larvae oriented along a horizontal axis toward leaves that matched the coloration of the parasitoid pupa about to form, implicating a visual response to the pupation substrate, rather than a response to gravity.
The primary cue for diapause in M. mediator appeared to be short day length, as no diapausing larvae were obtained under long day conditions. However, the strength of diapause induction was enhanced by low temperature and increasingly shorter days were required to elicit the response as temperatures approached 20°C (Fig.  2) , consistent with previous observations (Li et al., 2008) . It seems plausible that diapausing parasitoid pupae face different mortality risks on the soil versus on a dead plant and that variation in the relative importance of these factors could maintain a polymorphism with respect to selection of these two sites, respectively. It has also been suggested that some abnormal or altered behaviour expressed by parasitized hosts may simply reflect pathology or "sickness" (e.g., Franz & Kurtz, 2002; Poulin, 2010) . For example, the above-ground distribution of parasitized M. separata larvae in the present study may simply result from a loss of their normal ability to burrow in the soil; however, this would not explain the divergent locations of those containing diapausing and non-diapausing parasitoids. To further test these ideas, future field experiments could attach diapausing pupal cocoons to upper plant parts and compare their predation rate to those attached to lower plant parts or placed on the soil. Likewise, non-diapausing cocoons could be placed on lower plant parts and the soil and their developmental rate and survival compared to those forming normally on leaves, with and without host cadavers covering them.
